[1] Significant seasonal variations in the concentrations of several trace gases were observed in the southern tropical Pacific during the Pacific Exploratory Mission (PEM) TROPICS-A (PT-A, September/October 1996) and PEM TROPICS-B (PT-B, March/April 1999) campaigns. The objective of this study is to evaluate the relationship between the measured and modeled seasonal variabilities through comparisons of these observations with model calculations. A three-dimensional (3-D) global-scale chemical transport model was employed to (1) evaluate the seasonal variations in ozone and CO mixing ratios; (2) calculate an ozone budget and identify its controlling factors; (3) evaluate the effectiveness of atmospheric transport barriers in the model, such as the Intertropical Convergence Zone (ITCZ); and (4) test the sensitivity of ozone over the tropical south Pacific to biomassburning emissions. The model reproduces the main features of the observed seasonal variation in ozone and CO. According to the model calculation, the ozone burden during the PT-A was larger due to the transport of ozone into the central pacific middle troposphere from the west, whereas a net outflow of ozone from this region to the east resulted in a reduction of ozone burden during the PT-B period. Transport of ozone from the Northern Hemisphere into this region was found to be much larger during the PT-B period compared with the PT-A period. The in situ production and loss of ozone calculated in the model agreed with that derived from measurements. The gradients in the model for selected trace gases across the ITCZ were shown to be qualitatively similar to measurements. 
Introduction
[2] Ozone is a key component of smog and a useful indicator of the effects of trace gas emissions into the troposphere from anthropogenic and natural sources. The effects of anthropogenic emissions on atmospheric chemistry have been largely evaluated in terms of ozone changes [NARSTO, 1994] . The sources of ozone in the troposphere are the subsidence of stratospheric air and in situ chemical production; the sinks for tropospheric ozone are the physical removal at Earth's surface by dry deposition [World Meteorological Organization (WMO), 1995] and in situ chemical loss. Additionally, models constrained with measurements have shown that the net tendency from in situ chemistry is a small difference between large production and loss terms Jacob et al., 1996] . This would mean that the gross production and loss terms are approximately in balance and small perturbations in the loss or production pathways of ozone can significantly affect the regional and global burden of ozone. Due to the importance of ozone in the chemistry of the atmosphere and its impact on air quality in general, it is necessary to understand the processes that control the formation, loss, transport, and burden of ozone in different regions of the atmosphere.
[3] The impact of anthropogenic emissions on atmospheric chemistry in different regions is currently under evaluation on the basis of limited observation data sets and modeling simulations. The main focus of the National Aeronautics and Space Administration's Pacific Exploratory Mission (NASA PEM) was to construct baseline measurements of trace gases and aerosols in selected remote locations over the Pacific from aircraft platforms and limited ground-level sampling [Hoell et al., , 1997 . Data collected during these measurement campaigns provide a snapshot of the atmospheric conditions in these regions for limited time periods (typically 1 to 2 months). As a result, it is of importance to evaluate the relationship between the mean seasonal variability of the atmosphere and these limited data sets. This can be done by (1) extensive comparisons of the data sets to a few available results of long-term monitoring for a limited number of species, such as ozone and carbon monoxide, or (2) using global-scale chemical transport models to generate a chemical climatology of the atmosphere. To generate a ''true'' chemical climatology, the global-scale model needs to be run for several consecutive years and then the results averaged. This would be a formidable task with the current computational resources at our disposal. A medium term approach is to use meteorology generated from a GCM run designed to produce a ''typical'' year for the current climate. Here we applied the latter approach to evaluate the ozone budget in the southern tropical Pacific Ocean and compare the model results with measurements.
[4] The PEM-Tropics-A (PT-A) and PEM-Tropics-B (PT-B) field measurement experiments conducted by NASA under the Global Tropospheric Experiment (GTE) program provide a database of intensive measurements of ozone and its precursors in the tropical southern Pacific during two different periods of different years. PT-A was conducted during August -October 1996 (austral spring) . Subsequently, PT-B was conducted during the austral fall period of March -April 1999 [Raper et al., 2001] .
[5] The South Pacific is the region of the tropical troposphere most remote from human activity. Investigating this region provides baseline data for gases that play a significant role in controlling the oxidizing power of the atmosphere, such as, ozone, H 2 O, NO, CO, and nonmethane hydrocarbons (NMHCs). The timing of PT-A and PT-B corresponded to the dry and rainy seasons, respectively. Schultz et al. [1999] studied the ozone budget over the tropical South Pacific region with a global three-dimensional (3-D) model and a point model and suggested that the biomass-burning emissions in South America and Africa contributed to ozone over this region during PT-A.
[6] In this study we first examine and contrast the measured ozone mixing ratios during the PT-A period and the PT-B period with those calculated using a 3-D global-scale chemical transport model (GCTM) . The focus of these comparisons is on aspects of the measurements that would be representative of a typical year in terms of meteorology. This is followed by an analysis of the sources and sinks of ozone in the South Pacific using a 3-D globalscale chemical transport model running off-line with dynamics generated by a climate model. The in situ ozone production and loss tendencies calculated by the 3-D GCTM are also compared with those calculated by a box model constrained with key measured trace gas mixing ratios and hence provide a close approximation of ''measured'' ozone production and loss rates. We also evaluate the calculated-ozone over the tropical South Pacific region through intensive comparisons with PT-A and PT-B measurements. In this process we examine the impacts of biomass burning from South America and Africa on tropospheric ozone in the middle of the Pacific Ocean. We also analyze the effectiveness of the model in representing transport barriers such as the Intertropical Convergence Zone (ITCZ) and the South Pacific Convergence Zone (SPCZ) . No particular attempt is made, however, to evaluate specific processes in the model, which will be subjects of a later paper. The main features of ozone distribution, including seasonal variability and episodic elevations, are the subjects discussed in this paper.
Model Descriptions
[7] A global-scale 3-D chemistry transport model (GCTM), originally developed at National Center for Atmospheric Research (NCAR) and named MOZART (Model for Ozone and Related Trace gases) L. W. Horowitz et al., manuscript in preparation, 2002] was used to simulate the atmosphere with dynamical input fields from a climate model. The model results were then compared with the measurements from PT-A and PT-B to evaluate the model capabilities, such as, the ability to reproduce observed seasonal variability in trace gas distributions and the significance of transport barriers in the model compared to observations. A zero-dimensional (0-D) photochemical box model with a local equilibrium assumption was also used to calculate the production and loss tendencies of ozone and compared them with the results calculated from MOZART. Below is a brief description of these two models.
Three-Dimensional CTM
[8] The 3-D GCTM, MOZART (version 2, details are described by Horowitz et al., manuscript in preparation, 2002) , has a horizontal resolution of 2.8°in latitude and longitude, and extends vertically from the surface to approximately 38 km. In the present study, we use a version of MOZART that is intermediate between version 1 ] and version 2 (Horowitz et al., manuscript in preparation, 2002) . The GCTM has 34 vertical layers along hybrid sigma pressure coordinates with a vertical grid resolution varying from 60 meters near the surface to approximately 2 km at the top of the model domain. Transport is driven off-line by the middle atmosphere version of the NCAR Community Climate Model version 3 (MACCM3) with dynamical variables (wind fields, pressure, temperature, and convection) saved every 3 hours. The dynamical variables used in this version of MOZART were extracted from a long-term run of MACCM3 forced at the lower boundary with climatological values of sea surface temperatures (SST). This is expected to yield a representative year for the current atmosphere. It is in this sense that the MOZART results described below are referred to as ''climatological.'' However, it should be noted that the MOZART results would be representative of the current climate, only if such factors as emissions are also ''climatological'' means. Since the emissions employed are from data sets built for a particular year, the simulation results presented here do not truly represent a chemical climatology.
[ Brasseur [1995] for details). Advection of the trace gases is simulated using the flux-form semi-Lagrangian (FFSL) formulation of Lin and Rood [1996] and replaces the previous shape-preserving semi-Lagrangian scheme [Williamson and Rasch, 1989] . The FFSL scheme is conservative and upstream biased. In addition, it contains monotonic constraints and conserves tracer correlations. Convective transport of trace gases is parameterized using the schemes developed by Hack [1994] for shallow convection and by Zhang and McFarlane [1995] et al. [1998] . In-cloud scavenging is parameterized for all other species according to Giorgi and Chameides [1985] . MOZART version 1 is described by Brasseur et al. [1998] and evaluated by Hauglustaine et al. [1998] . Horowitz et al. (manuscript in preparation, 2002) gives description and evaluation of MOZART version 2.
Photochemical Box Model
[10] The photochemical box model is based on the LLNL/UIUC 2-D zonal average model [e.g., Patten et al., 2000] . The current version of this box model has 72 species, 132 thermal reactions, and 52 photolysis reactions. The model has full representation of CH 4 , C 2 H 6 , and C 3 H 8 chemistries, and condensed sets of reactions for isoprene, C 2 H 4 and C 3 H 6 [Kotamarthi et al., 1999] . Heterogeneous chemistry including N 2 O 5 , BrNO 3 and ClNO 3 reactions on sulfate aerosol are included in the model. In addition, ClO x , BrO x , HO x and NO x chemistries [DeMore et al., 1997] are simulated in the model. The photolysis rates are calculated by using a two-stream radiative transfer model with 128 bins for calculating absorption cross sections ranging from 170 to 450 nm [Grant et al., 1987] . The chemical integrator employs the Gear method of Hindmarsh [1983] .
[11] Box models are typically used to analyze data collected from aircraft platforms in either the equilibrium mode or the steady state mode. In the equilibrium mode, the model solves the equation
where P i , (cm À3 s
À1
) and L i (s
) denote the photochemical production and loss frequencies for species i, whose concentration (cm
À3
) is n i . This approximation is valid for species with photochemical time constants of less than 1 hour, and it is similar to the approximation used for calculations in the PEM-West A and B missions [Crawford et al., 1996; Davis et al., 1996; Kotamarthi et al., 1997] .
[ against measurements, and then ozone production and loss tendencies are derived.
Numerical Experiments
[13] Three separate simulations were performed in the 3-D model. The first was a 1-year model simulation with daily outputs, an instantaneous value for 0 GMT and a diurnal average, of mixing ratios of all species, fluxes, and chemical tendency terms. The results from this run were then used to initialize two additional simulations, one for the August -September period (PT-A), and the other for the March -April period (PT-B). The outputs from these two limited-in-time simulations corresponding to the PT-A and PT-B periods were saved on an hourly basis in order to compare to the measurements made from the aircraft platform. In addition, the model recorded mixing ratios, mass fluxes across grid boundaries, chemical production and loss terms of trace gases at 0 GMT every day as the instantaneous values and the diurnally averaged values for the day. The photochemical box model was mainly used to calculate the photochemical production and loss tendencies of ozone with constraints on radiation and trace gas-mixing ratios from the PT-A and PT-B measurement data sets.
Results

Meteorological Conditions
[14] The PT-A period corresponded to the onset of a weak cold phase (La Niña) event in the tropical southern Pacific Sea Surface Temperatures (SST). Fuelberg et al. [1999] found only small variations in the assimilated wind fields for this period from an 11-year mean climatology. The deviations were found to be consistent with the onset of a weak La Niña episode. As a result, the PT-A period could be considered to mirror conditions close to a climatic mean state. However, the PT-B period coincided with the strongest phase of a La Niña event ] which led to significant deviations of the assimilated wind fields from a 11-year mean climatology. Manifestations of these deviations include (1) a weaker than normal ITCZ, (2) the displacement of the SPCZ is to the west of its mean location, and (3) stronger-than-normal easterlies in the tropics. The combined effect of all these anomalies was expected to be a reduction in the strength of convection over the central Pacific .
[15] The MACCM3 meteorological data used in this study are from the long-term run using climatological mean SST as the driving boundary condition. The standard CCM3 model dynamic outputs were analyzed by Hurrell et al. [1998] and shown to give a reasonable agreement with the mean state of the atmosphere, with no significant biases in both hemispheres. Monthly averaged streamlines from MACCM3 of September and March for 1000-, 700-, 500-, and 300-mb levels, corresponding to the middle of PT-A and PT-B periods, respectively, are shown in Figures 1a and 1b. These streamlines characterize time-averaged largescale flow patterns during the PT-A and PT-B periods. The patterns and main circulation features of these streamlines are very similar to those derived from European Center for Medium-Range Weather Forecasts (ECMWF) reanalysis data sets ]. However, some specific aspects of the flow, such as the locations of anticyclones in the eastern half of the Southern Hemisphere are not exactly at the same locations as compared with the reanalysis data ]. This was noted as an anomaly for the PT-B period due to the occurrence of the La Niña event .
[16] Other important circulation systems near the surface that can be observed in the streamline maps are the ITCZ and the SPCZ. The ITCZ is a narrow low-latitude zone in which air masses originating in the northern and southern hemispheres converge and generally produce cloudy, showery weather. Over the Atlantic and Pacific it is the boundary between the northeasterly and southeasterly trade winds. The mean position of the ITCZ is somewhat north of the equator, but over the continents its location varies considerably. The locations of the ITCZ derived from the climatological model for the PT-A period and PT-B period (Figures 1a and 1b) are approximately the same as those recorded for the same periods 2001] . On the other hand, the SPCZ is an atmospheric convergence zone in the southwestern Pacific Ocean that is characterized more by a convergence in wind direction than as a wind speed minimum. It extends from east of Papua New Guinea in a southeastward direction toward 120°E and 30°S. The SPCZ does not appear to have counterparts in the Northern Hemisphere. Though the SPCZ can be inferred from the MACCM3 results, the SPCZ for the PT-A period ( Figure  1a ) is much weaker in CCM3, and a few degrees east of those reported by Fuelberg et al. [1999] . For the PT-B period, Fuelberg et al. [2001] reported that the SPCZ was not as well defined as it was during the PT-A period. The MACCM3 derived streamlines (Figures 1a and 1b) have similar seasonal variation in the SPCZ. In addition, the convergence zone at the 1000-mb level during the PT-B period in the southern Pacific is a few degrees to the west as compared with the PT-A period. The convergence zone is not evident at the 700-mb level and higher during the PT-B period (Figure 1b) , whereas during the PT-A period it is evident up to 500 mb ( Figure 1a ).
[17] We further analyzed the differences between the MACCM3 wind fields and those from the reanalysis wind fields from the National Center for Environmental Prediction (NCEP) for the years 1996 and 1998. This leads to similar conclusions as of Fuelberg et al. [1999 Fuelberg et al. [ , 2001 analysis, mainly that the wind fields are in general similar to a climatological mean with some exceptions. We also find that for both the periods simulated in this study, the surface winds from MACCM3 differ from those of NCEP by between 2 to 5 m/s in much of southern central tropical Pacific. The easterly wind between 10°N and 10°S is weaker in the MACCM3 by 5 m/s at 700 mb and decreases to between 2 and 5 m/s at 500 mb and is negligible at 200 mb, for the month of March. The nearly zonal flow from west to east beyond 30°S is stronger in the MACCM3 by about 5 m/s above 500 mb. A similar situation was found for the month of September, with differences between the wind fields being smaller than in March.
[18] In summary, the main differences in meteorology between the PT-A and PT-B is the location and strength of the ITCZ and the SPCZ. The main seasonal difference in the ITCZ is the movement of the ITCZ from 10°N during PT-A to near 5°S during PT-B. As discussed above, the wind fields of 1000 mb from MACCM3 showed similar but a smaller shift for the ITCZ. The second major feature was the stronger SPCZ and its more eastward location during PT-A than PT-B. The MACCM3 dynamic fields have a weak SPCZ during both these periods, but are able to capture the shift in its location from March to September. Thus given the general agreement between the wind fields used in the model and observed for this period we should expect the modeled and measurement comparisons for ozone and other trace gas to be reasonably free of differences in the dynamical fields.
SHADOZ Comparison
[19] Ozonesonde data were collected in the southern tropics over a 2-to 3-year period under the Southern Hemisphere Additional Ozonesondes (SHADOZ) program to coincide with the PEM-Tropics field measurement program [Thompson and Witte, 1999] . Figures 2a and 2b are the austral fall and spring monthly averages of ozone profiles plotted from the model and measurements for Fiji (À18.13°S, 178.40°E) and for the austral spring in Tahiti (18°S, À149.00°E). A typical data point from the SHADOZ sites in these figures is an average of eight data points resulting from four launches in a month for the years 1998 and 1999. In order to compare with the ozonesonde data, diurnal average ozone mixing ratios were extracted from a 1-year simulation of MOZART with daily outputs of mixing ratios (listed in Table 1 ). Consequently, the data point at each altitude from MOZART is the mean value and standard deviation of the 30-day diurnally averaged ozone mixing ratios for the respective months. In Figure 2a , the best agreement between the model and measurements occurs during September in Fiji. For the rest of the 3 months shown, the largest discrepancy occurs in the midtroposphere. The model underestimates ozone by 10 $ 20 ppb in the midtroposphere in Fiji during March and April ( Figure 2a ). The relatively high ozone mixing ratios in the midtroposphere is one of the salient features of the PT-A period, and possible reasons for this mid tropospheric increase in ozone are discussed in section 4.3. Note that there were not sufficient data for the months of March and April from Tahiti for similar comparisons. For September the measurements and the model at Tahiti (Figure 2b ) are in good agreement, with differences of less than 5 ppb, through the tropospheric column. The measured ozone for October at Tahiti is less than the modeled ozone in the midtroposphere by about 10 ppb. The MOZART profiles above 300 mb in Figure 2b suggest that the model is experiencing higher ozone subsidence in this region com- pared with the observations. This results from a lower-thanobserved height of the tropopause in the model during this period over this region, as further discussed in section 4.4.
Ozone and CO Comparisons
[20] Ozone and CO measured during the PT-A and PT-B periods were compared with model results for evaluating seasonal variations. The measurements for the PT-A and PT-B period from the DC-8 platform were from a 1-minute average, merged data file generated by the atmospheric chemistry research group at Harvard University. The MOZART model used results from a simulation, which saved results once every hour for the respective months. These calculations were initialized with output from a 1-year calculation, which saved model results once every day. Additionally, each of the simulations for the PT-A and PT-B period had 1-month spin up. For example, the model results shown here for September, were initialized on 1 August using the 0 GMT output from the 1-year run and then the model calculations continued to the end of September, with model results saved every hour for this entire 2-month period. Results from these limited-in-time simulations corresponding to the PT-A and PT-B periods, saved every hour, were used to compare to observations. Figure 3a displays all of the ozone data collected during the PT-B period from 30°S to 30°N in latitude and from surface to 12 km . If several ozone measurements were made in a particular altitude-latitude bin, the average of these values was plotted. Each of the data points extracted from MOZART is the closest in time and location to the measurements. Since the model saves only hourly outputs and on a coarser spatial grid than the observations, the closest point to the observations selected from the model often corresponds to several measured data points. This procedure is used repeatedly to extract model results for the 2-month period corresponding to each experiment and then averaged to obtain the figures presented below. Figure 3b shows the model-calculated ozone sampled at the same locations and times (the closest model grid and time) corresponding to the measurements and averaged for March and April, plotted using the same procedure as in Figure 3a . In general, the model reproduces the very low concentration of ozone observed in the tropical Southern Hemisphere. The differences in the measured and model simulated ozone for the PT-B period are shown in Figure 3c . There are only a few ppb differences from 5°N to 25°N in the lower troposphere (0 -2 km). However, the elevated ozone observed in the tropical Northern Hemisphere is shifted north in the model. In addition, the model cannot capture a few pockets of elevated ozone observed at 10 -12 km. These pockets of high ozone represent episodes of long-range transport of ozone from East Asia to the northern tropical Pacific and possibly from South Africa or South America to the extra-tropical regions of the South Pacific . The model generally underestimates ozone by 10 ppb or more in the midtroposphere which is similar to the differences seen in the SHADOZ comparison in Fiji (Figure 2a) .
[21] A similar set of ozone comparisons for the PT-A period is shown in Figures 4a , 4b, and 4c. The main feature of the PT-A data set is the incident of elevated ozone in the mid-to-upper troposphere (6 km and above) in the southern tropics as shown in Figure 4a . The derived ozone mixing ratios from model calculations at 4 km and above between 25°to 15°S (Figure 4b ) are less significantly elevated than the ones observed in the data set (Figures 4a and 4c ) by more than 10 ppbv. This might be due to the under representation of biomass-burning emissions in the GCTM at the southern tip of Africa, which is assumed to be the major source for elevated ozone . Another possible reason is that the GCM fields may not represent well a specific meteorological event or condition during or prior to the PT-A sampling period. However, a quick review of the meteorological conditions reported by Fuelberg et al. [1999] indicated a particularly strong subtropical jet, but no other extraordinary features were reported compared to climatology. A close examination of Figure 4c also reveals pockets of high ozone calculated by the model close to this region (4 to 6 km). This would suggest that transport in the model is occurring at slightly lower altitudes than measured.
[22] Since CO can be produced through incomplete combustion and is an indicator of biomass/anthropogenic influence on air masses , we performed an analysis for CO similar to that for ozone. Figures 5a and 5b represent the distribution of CO mixing ratios from the measurements (N. S. Pougatchev et al., CO during PEMTropics B mission, submitted to Journal of Geophysical Research, 2002) and model calculations for PT-B, and Figure 5c is the difference. The agreement is generally excellent between the modeled and measured CO for this period, with differences of less than a few ppbv throughout much of the region. The model in general is biased toward underprediction between 10°S and 30°S. The measured CO was higher than calculated by the model in the region between the equator and 10°S and below 6 km at 20°N. For the PT-A period CO was found to be elevated throughout much of the mid troposphere, between 15°S and 25°S and around 45°S (Figure 6a ). This region of higher CO corresponds to the measurements of high ozone (Figure 4a) . The model results also show elevated CO in this region of the Southern Hemisphere (Figure 6b) . However, the difference between the measured and modeled CO is often in excess of 20 ppbv (Figure 6c ). The reasons for these discrepancies are similar to those discussed for ozone.
[23] In summary, the ozone and CO during the PT-A period, in general, was higher than measured during the PT-B period. The model produces the same seasonal behavior in the abundance of these gases in this region as observed, higher values during the PT-A period compared with the PT-B period, but has a tendency for under predicting ozone in this region for both periods. Elevations of the mixing ratios of these gases in certain pockets of air could be a result of episodic long-range transport which were not reproduced in the model. 4.3.1. Sensitivity of Biomass-Burning Emissions From South Africa and Southern America
[24] PEM-Tropics-A was conducted at the end of the dry season in the southern tropics, when considerable biomass burning is known to take place [Olson, et al., 1999] . Staudt et al. [2002] have argued that the sources of biomass burning affecting ozone and aerosols over the South Pacific are primarily from agricultural and forest fires in South America and southern Africa. In contrast, the counterpart of PEM-Tropics-B was conducted during the dry season of the northern tropics and an exceedingly clean atmosphere over the South Pacific.
[25] Analyses of fire counts observed by satellite indicated that the emissions during September 1996 were not substantially different from the long-term mean [Olson et al., 1999] . We therefore used climatological biomass-burning emissions described by Brasseur et al. [1998] with some adjustments to account for more recent data (Horowitz et al., manuscript in preparation, 2002) . Table 2 shows the global emissions for each chemical compound, including biomassburning sources. However, as discussed in section 4.3, the concentration of O 3 and CO in the midtroposphere over the [26] To test the sensitivity of the modeled ozone concentrations to biomass-burning sources, we performed two additional simulations for the PT-A period other than those described in the above numerical experiments. For the first test case, the biomass-burning emissions (including NO x and CO) were doubled only over South Africa (from 15°S to the tip of Africa) in the model. For the second test case, the biomass emissions were doubled only over South America (from the equator to the tip of the continent), and the emissions from South Africa were set back to the value used for the standard model simulation.
[27] The ozone change from the case where biomass burning in the southern Africa was doubled to the base case is shown in Figure 7a . The increase in ozone at 15°S to 25°S in the midtroposphere is in the range of 2 ppbv, but an increase of more than 10 ppbv at 30°S was calculated in the upper troposphere. These locations corresponded to the region where increased ozone was observed during the PT-A period as shown in Figure 4a . The counterpart analysis for ozone change with doubled biomass emissions in South America is plotted in Figure 7b . The increase in ozone for this case at 15°S to 25°S is over 2 ppb, and the peak ozone increase in the upper troposphere near 30°S is between 10 and 20 ppb, larger than that for the first case. In both cases, the ozone increases in the similar regions with similar strengths. Since the model is sensitive to the amount of biomass-burning emissions in both southern Africa and S. America, it is difficult to determine which location of the biomass burning is the major cause for the ozone increases during the PT-A period. Our calculations suggest that biomass-burning sources in either region investigated could have contributed to the observed midtropospheric ozone in the 15°S to 30°S region.
[28] The PT-A measurements (Figure 6a ) reveal an increase in CO over a broad area from 15°S to 50°S in the midtroposphere, but the MOZART model shows a small uniform increase of CO in this area from the surface to the upper troposphere. However, the increasing CO resulting from doubling biomass emissions from South Africa is concentrated in the 6km to 8km altitude at 30°S to 45°S (Figure 8a ). The same calculation performed for doubling biomass emissions in South America gave results more consistent with the observations, with increases concentrated in the midtroposphere (4 km to 6 km) and approximately at 15°S to 50°S (Figure 8b) . Therefore, the cause for the CO increases during PT-A is likely due to the biomass burning from South America.
[29] If we use CO as an indicator for biomass burning, the model calculations suggest that increased biomass burning from South America is the cause for the observed midtropospheric elevations of CO during the PT-A period. The ozone calculations are less conclusive and show no preference to sources from either South America or South Africa. Ozone calculations are sensitive to initial conditions inside the biomass-burning plume for such trace gases as nonmethane hydrocarbons and NO x , whereas the CO mixing ratios depend significantly more on its emission strength and transport time from the source to the receptor. The long distance from the source to the receptor location would require the use of a tracer of biomass burning both in the measurements and the model to further address this issue. Thus, the limited sensitivity studies performed here indicate the possibility of an underestimate of biomass-burning emissions in the Southern Hemisphere. However, with this current set of calculations we are unable to identify which region (i.e., South America or South Africa) contributes to this underestimate in the emissions.
Comparison With Lidar Ozone Data
[30] The investigations of O 3 and aerosols conducted with a DIfferential Absorption Lidar (DIAL) system as part of PEM-Tropics field experiments focused on the chemistry and transport of O 3 and aerosols in a wide range of tropospheric environments. Lidar measures ozone from near the surface to above the tropopause along the flight track of each DC-8 flight during both the PT-A and PT-B periods [Fenn et al., 1999; Browell et al., 2001] . These measurements provided the distribution of ozone concentrations in the column along the path of the flight. They provide further insights into the causes of elevated ozone layers due to the ability to measure the thickness of these layers and their connections to ozone rich regions of the atmosphere, such as the stratosphere. Figure 9 is a plot of the mean measured values of ozone for the PT-A and PT-B periods, averaged over the longitudes and latitudes along all the flight tracks [Browell et al., 2001] . The longitude and latitude and time locations along the flight tracks were used to sample the ozone through the column in the model and then averaged over the respective 2-month periods. The model results used for this analysis are also from the limited-in-time runs as discussed in the previous section. Figures 10b and 10d are the latitudinal averages of these ozone profiles from the model and Figures 10a and 10c are longitudinal averages over each model latitude grid point, as shown in the plot. Several features can be noticed by comparing model results with the lidar data ( Figure 9 ). In the MOZART latitudinal distribution plot (Figure 10a ), the tropopause derived from the model is lower in the Northern Hemisphere (NH) than the lidar measurements indicate. The higher ozone values in the NH (beyond $15°N) from the surface to the tropopause level are represented in the model. The model simulated well the low values of ozone at 0 -2 km extending from 10°N to 40°S, whereas the measurements show higher ozone levels from 25°S to 40°S at these altitudes. The higher ozone values from 4 km to the tropopause from 30°S to 40°S are indicative of stratospheric subsidence both in the model calculation and measurements. The low ozone extending from 20°S to 10°S at 8-10 km in MOZART is also found in the measurements, though in a much smaller region.
[31] A decrease in the tropopause height from the east to west appears in the model (Figure 10b ), as well as in the lidar data set (Figure 9 ). A layer of low ozone extends from east to west and the thickness of this layer decreases from surface to 4 km at the eastern edge to 2 km on the western edge in both the measurements and model calculations. Other low ozone regions measured by the lidar at approximately À200°east longitude and À130°east longitude in the mid-upper troposphere are also present in the model, though the ozone values are almost 10 ppb higher than the measured values.
[32] These results suggest that the measured ozone values during the PT-B period are in general agreement with predictions from MOZART (v2), a GCTM operating with dynamics derived from a climate model. As a result, the measurements appear nearly representative of the ozone climatology for this region and this particular period of the year, at least to the extent that the model can be regarded as representative of the climatology.
[33] A similar analysis was carried out for the PT-A period. Figure 10c shows the latitudinal distribution of ozone for this period from the MOZART model. The region with lowest levels of ozone is centered at 5°N and extends from 0 km to 2 km in both the model and lidar data set. The stratosphere in the model is lower during this period than in the PT-A period and occurs at approximately the same location in the model as in the data set. Low ozone extends throughout the middle and upper troposphere from 20°S to 10°N in the model and is similar to the lidar data set. However, the localized increase in ozone observed in the middle and upper troposphere in the lidar data set from approximately 20°S to 40°S is much more diffuse in the model, with no increases in localized pockets disconnected from the stratosphere.
[34] Figure 10d , the longitudinal distribution of ozone for the PT-A period from the MOZART model, shows the lowest levels of ozone occur on the eastern edge in the layer at 0 -2 km. The ozone-mixing ratio increases in this layer to over 20 ppb and reaches 30 ppb at the western edge of the plot. A similar behavior is observed in the lidar data (Figure 9 ). The layers of high ozone in the middle and upper troposphere observed in the lidar data are not reproduced in the model; rather the model exhibits an almost uniform increase in ozone mixing ratios with altitude from east to west. The western edge of Figure 10d shows low ozone mixing ratios extending deeper into the midtroposphere than at the eastern edge, a feature not observed in the data set. The model shows increased ozone in the upper troposphere from stratospheric subsidence at around 150°longitude (equivalent to À210°e ast longitude) and 190°(equivalent to À170°east longitude). The lidar data show possible ozone intrusions at À180°east and À160°east. These model-measurement comparisons reinforce the point made previously that the PT-A period is much more strongly influenced by episodic events. These events, as described earlier, are tied to biomass burning in the South Africa and South America and possibly to stratospheric subsidence events, as captured by both the model and the lidar data for flight 4 [Fenn et al., 1999] .
Flux Analyses
[35] The mass fluxes of ozone due to advective, convective, and diffusive transport processes were calculated and saved hourly for each of the model grid cells. Additionally, the mass changes in each of the grid cells due to processes in the model, such as chemical production and chemical loss, were also computed and saved as hourly averages. We integrated these fluxes over the Central Pacific area. This Central Pacific region extends from 165°E to 135°W in longitude and from 30°N to 30°S in latitude. We then further divided this region into three ''boxes'' in the vertical plane, where the lower tropospheric box (LT) was from 0 to 2 km, the midtropospheric box (MT) extended from 2 to 7 km, and the upper tropospheric box (UT) was from 7 to 12 km. The mass fluxes in the three boxes due to different processes are tabulated in Table 3 .
[36] Figure 11 shows a schematic layout of a typical box with the arrow indicating the positive direction of the advective fluxes only. Note that the model computes the dry deposition flux as a subgrid-scale diffusional flux which is not included as a downward directed flux in the lowest box, but tabulated separately (Table 3) . Figures 12a  and 12b are the advective mass fluxes from model calculations averaged for a month over the Central Pacific region for the PT-B and PT-A periods, respectively. All the fluxes shown are the averages for 1 month (20 March to 18 April for PT-B and September for PT-A) of the model simulation. A negative number associated with an arrow indicates fluxes in a direction opposite to that of the arrow. Thus, an arrow associated with a negative flux could be drawn with its tip pointing in the opposite direction. To keep all the flux figures consistent we adopted this plotting scheme for these figures. The advective mass fluxes of ozone in the lower tropospheric box (LT) are directed from east to west during both PT-A and PT-B. In the midtropospheric (MT) and upper tropospheric (UT) boxes, the flux direction changes from east to west are in alignment with the prevailing wind direction of the dominant flow at higher elevations, i.e., the subtropical jet (Figure 1) .
[37] From Figures 12a and 12b the following inferences about the change in advective (directional) mass flux from PT-A to PT-B can be made. In the LT box, the east-to-west fluxes decreased by about 23% from PT-A to PT-B, while the north-south fluxes increased by about 92%. The net downward flux into the LT box decreased from PT-A to PT-B by a factor of 3.5. For the MT box, the zonal flux changed from a net gain for the ozone burden in the box to a net loss, as it decreased by about 148% from PT-A to PT-B. The north-south advective flux, on the other hand, increased during PT-B by up to 146% over the PT-A period. The net subsidence of ozone from the MT box to the LT box was only 10% of its PT-A value during the PT-B period. The UT box showed a flux profile similar to that of the MT box, with decreases in the east-west fluxes of about 500% and increase in the north-south fluxes by a factor of 18 for the PT-B period. The net subsidence from UT to MT also decreased by about 25% during PT-B compared with PT-A.
[38] In general, according to Table 3 , the period corresponding to PT-B in the model experiences much stronger north-south flux transport of ozone compared with the PT-A period. The second main feature from this budget analysis is the net decrease of ozone burden over the central Pacific region during the PT-B period resulting from a net loss in ozone from the east-to-west fluxes compared with a net increase during the PT-A period from this zonal transport mechanism. The net vertical fluxes for both PT-A and PT-B in the central Pacific are negative, implying subsidence of ozone in this region. However, the strength of this subsidence is much smaller in the model during the PT-B period than during the PT-A period, and the magnitude is smaller by a factor of 3.5 for the LT box in PT-B compared with PT-A. This result is consistent with the conclusion in section 4.4 that PT-A experienced much stronger stratospheric subsidence than PT-B.
[39] The model output was also diagnosed for the impacts of various subgrid-scale processes implemented in the model. The subgrid convective flux during PT-B was entirely a result of deep convection, taking air from the LT box to the UT box (Table 3 ). The same analysis for the PT-A period showed an even distribution of convective exchange between the LT and MT boxes and between the LT and UT boxes. [40] The difference in the ozone burden was calculated for each of the boxes at the beginning and end of each month in order to explain the change in mass fluxes shown in Figures 12a and 12b . Ozone burdens in the LT, MT, and UT boxes during the PT-A period were larger than those during the PT-B periods by 35%, 21% and 7%, respectively. The changes in ozone burden calculated by using this procedure for the LT box show increases for the PT-B and PT-A periods by about 0.8 million tons (mt) and 0.5 mt, respectively. The MT ozone burden increased by 0.3 mt during the PT-B period, while it decreased by about 0.2 mt for the PT-A period. The UT ozone burden decreased by about 0.9 mt during the PT-B period and increased by about 2.2 mt during the PT-A period. These figures are broadly consistent with the rest of the flux analyses discussed above.
[41] In summary, the salient features through the flux analysis are (1) increased ozone burden in the region during PT-A compared with PT-B; (2) much stronger transport from the northern hemisphere during the PT-B compared with PT-A; (3) much higher convective transport from the surface to mid and upper troposphere during PT-B compared with PT-A; and (4) most of the ozone in to this central Pacific region came from east-west transport during PT-A compared with north-south pathway during the PT-B period.
[42] Each of these conclusions from the model-derived fluxes supports the general observations regarding the seasonal variations in meteorology, such as the location of the ITCZ and strength of deep convection which were noted in the previous sections.
Ozone Production and Loss Tendencies
[43] As mentioned earlier, odd oxygen (O x ) production and loss terms were calculated in both the 3-D GCTM as well as in the photochemical box model. The O x production and loss terms were calculated from the 3-D model every hour as averages for the previous hour from our limited-intime runs for the March -April and August -September 3-D GCTM runs. In contrast, the box model was calculated with constraints of the measurements during the PT-A and PT-B campaigns. The results of ozone production/loss tendency from the box model and the MOZART 3-D model for the PT-B period are shown in Figures 13a and 13b as a function of altitude and latitude in the tropical region. The 3-D GCTM results represent the daytime average of the production and loss terms averaged over the central Pacific (longitudes from 165°E to 135°W). In general, the 3-D GCTM has the same tendency (i.e., production or loss) as The directional fluxes refer to the direction toward which the fluxes are directed. Changes in the mass of ozone in a grid box due to subgrid-scale process are listed as: Adv., advective flux; Conv., convective flux; Diff., diffusive flux, including dry deposition for the lower troposphere box; Chem., net change due to chemistry. The altitude range of each of the boxes is designated as UT, upper tropospheric box (7 -12 km) as MT, middle tropospheric box (2 -7 km), lower tropospheric box (0 -2 km) as LT.
the box model results for most of the altitude and latitude bins. However, the 3-D model produces less ozone in the upper troposphere (8 -12 km) than the box model does. This pattern partially results from low NO x in the 3-D model compared with measurements for the PT-B period at these altitudes. This is also reflected in the higher-than-measured net destruction rates of O x in the middle and lower troposphere. A detailed comparison of MOZART (version 1) and measured NO x from various field experiments has been reported by Emmons et al. [1997] . The NO x emissions in MOZART (v2) are not significantly different from the earlier version, and the modeled NO x is similar to that reported earlier. Improvements in the representation of NO x emissions in the model are underway for the next version of MOZART. Note that the results for the PT-A period show similar tendencies, and, hence, are not presented here.
ITCZ and SPCZ
[44] During the intensive PEM-Tropics experiments, pollutants were observed to have a strong latitudinal and longitudinal gradient across the ITCZ and the SPCZ. Gregory et al. [1999] analyzed the data from PT-A and tabulated the range of mixing ratios of several trace gases on either side of the ITCZ and SPCZ. In this paper, we only compared the measurements with the 3-D model for the PT-A period, as the ITCZ and the SPCZ were better defined in terms of meteorology or tracer distribution rather than in the PT-B period Fuelberg et al., 2001] . The model results were extracted from a simulation for which results were saved every 1-hr for the month of September. The model midnight values were extracted from all longitude grid points in the model from 160°W to 140°W, which corresponds to the approximate local noontime and location of the flight transects across the ITCZ during the PT-A. The model results were then binned in altitude bins ranging from 1 km thick near the surface to 2 km at 10 km. The mixing ratio profiles from 10°N to 10°S latitude in the model were then examined to pick the two profiles with the greatest contrast in the mixing ratios of ozone below 6 km. This procedure yielded 10°N and 1.5°N as the northern side of the ITCZ and the southern side of the ITCZ, respectively, in the model. This is in fair agreement with 14.9°N and 0.5°N for the same locations based on the data by Gregory et al. [1999] .
[45] Figure 14 shows the model-derived mixing ratios for (1) ozone, (2) CO, (3) C 3 H 8 /C 2 H 6 and (4) C 2 H 6 /CO for the northern and southern sides of the ITCZ. The figure also shows similarly grouped PT-A measurements from Gregory et al. [1999] . It should be noted that all of the measurements shown come from only two flights, flight 4 and flight 19, representing approximately a few hours of observations. The measurements show a distinction in the air mass below 6 km on either side of the ITCZ. The model calculated ozone (Figure 14a ) has higher variability than the measurements, as the data were obtained over a wide range of longitudes. The agreement between the measured and modeled ozone is satisfactory below 2 km. The measurements reveal less than 2 ppb of median ozone difference on either side of the ITCZ below 2 km, with the northern side median higher than the southern side. The model calculated differences in the median are of the order 1 ppb, higher in the north than in the south. Above 2 km the southern side has more ozone than the northern side in both the measurements and model results. The delta (south -north) in the measurements is larger than the modeled by 20 to 40%.
Thus, there is only a qualitative agreement between the modeled and measured ozone across the ITCZ. The CO in the model below 2 km is marginally higher in the southern side of the ITCZ compared with the northern side and in variance from the measurements (Figure 14b) . However, the measured CO is within the range of modeled CO at all the remaining altitude levels.
[46] To further examine the model performance in this region, we calculated the ratios of selected hydrocarbons and compared them with the measurements. The first pair considered for these calculations is the ratio of C 3 H 8 /C 2 H 6 , which could be considered as a rough measure of the age of air. Assuming ethane and propane are from similar source regions, a lower ratio signifies older air. Figure 14c shows the ratio calculated by the model and measured on either side of the ITCZ. The measurements indicate fractionally older air (lower ratio) in the south of the ITCZ compared with the north below 1 km. The model calculates older air to the north compared with the south of the ITCZ at this altitude. Between 1 and 8 km the model calculations correspond to measurements. Above 8 km the model calculates much older air than that measured to the north of the ITCZ, whereas the modeled and measured ages to the south of the ITCZ roughly agree.
[47] The second ratio calculated was that of C 2 H 6 /CO,one that is expected to decrease much more slowly with age than the C 3 H 8 /C 2 H 6 ratio, as the lifetimes of C 2 H 6 and CO are of the same order of magnitude. A simple calculation based purely on their chemical loss rates suggests that this ratio would decrease almost half as slowly as the C 3 H 8 /C 2 H 6 ratio. This ratio is lower to the north of the ITCZ relative to the south (Figure 14d) , a trend opposite to that calculated by the model. This discrepancy largely results from much higher mixing ratios for ethane in the model to the north of the ITCZ compared with the measurements. The measurements also show unusually low ethane mixing ratios to the north of the ITCZ, more than 100 pptv lower than in the south, below 4 km, whereas the model calculates higher ethane mixing ratios to the north of the ITCZ compared with the south. The model ratio agrees with the measured ratio to the south of the ITCZ up to 8 km, where the modeled ethane approximately agrees with the measurements. However, with this limited set of measurements, it is difficult to state if the observed distribution of ethane is unusual or a recurring feature. As discussed earlier in section 4.1, the model has a weak representation of the SPCZ during both PT-A and PT-B. As a result, we do not expect the model to generate much variation in mixing ratios for the gases as discussed above across the SPCZ, and no further effort was made here to analyze the gradient across this barrier. In summary, the model fairly represents the measured trends of selected trace gases across the ITCZ. The largest discrepancy was calculated for the ratio of C 2 H 6 /CO, largely resulting from a particularly low mixing ratio of ethane measured on the northern side of the ITCZ compared with the southern side. The model reproduces the key observed feature of a gradient in the lower levels of the atmosphere across the ITCZ in the mixing ratios of ozone, CO and the ratios of key hydrocarbons. The model SPCZ is relatively weak compared with observations, and, as a result, we do not attempt to evaluate this barrier in the current model. The amount of data available to evaluate these two significant feature of tropospheric transport of atmospheric trace gases is insufficient for further evaluation with the current model.
Summary and Conclusions
[48] The 3-D GCTM, MOZART, was used to analyze the significant seasonal variations in the concentrations of ozone observed in the southern tropical Pacific during the PT-A (austral spring) and PT-B (austral fall). Diurnal average ozone values from a 1-year model calculation were used for comparison with measured ozone profiles at SHADOZ sites. The model showed fairly accurately reproduced the observed ozone profiles, including the seasonal variability. Another set of model calculations was carried out for the period of August -September and March -April corresponding to the PT-A and PT-B periods, respectively, to produce additional hourly diagnostic outputs, including directional ozone fluxes and in situ production and loss for the O x group across the model grid surfaces. The O x production and loss tendencies were also calculated by using a box photochemical model that was constrained with observations. Results were compared with MOZART-calculated values.
[49] The model results for the tropical Southern Hemisphere accurately reproduced the observed low ozone values throughout the depth of the troposphere during the PT-B period. However, the increase in ozone observed in the tropical Northern Hemisphere was shifted further north in the model than in the observations. Further, the pockets of high ozone present in the data set at 10-12 km range were not captured in the model. These features could represent episodes of long-range transport of ozone from source regions, reflecting the transient nature of the emissions or transport. The grid-scale transport derived from climatology seems unlikely to lead to such events. Similarly, the salient feature of the PT-A data set is the frequent occurrence of elevated midtropospheric ozone in the southern tropics. The model showed only a slight elevation in ozone mixing ratios at 25°S to 15°S as compared with the significant elevations in the observations. Sensitivity tests indicate that underrepresentation of biomass burning in the southern tip of Africa or South America could contribute to underprediction of ozone. However, the sensitivity tests were unable to isolate the particular region (i.e., South America or South Africa) that most likely contributed to the observed elevated ozone layers.
[50] In general, the measured ozone and CO during the PT-A period were higher than the measured ones during the PT-B period. The PT-A period, in particular had higher mixing ratios of these gases in the mid-to-upper troposphere in the southern tropics compared with PT-B. The model generally tended to under predicting ozone in this region for both periods. The seasonal behavior in the abundance of these gases in this region, higher values during the PT-A period compared with the PT-B period, was simulated well by the model. Elevated mixing ratios of these gases in certain pockets of air that could be a result of episodic longrange transport were not reproduced, however.
[51] Fluxes of ozone across grid boundaries were computed and analyzed for the PT-A and PT-B periods. In general, the period corresponding to PT-B experienced much stronger north-south flux transport of ozone than did the PT-A period. The budget analysis revealed a net decrease in the ozone burden during the PT-B period, reflecting the net loss in ozone from east-to-west fluxes, compared with a net increase during the PT-A period from this zonal transport mechanism. The grid-scale net vertical fluxes for both the PT-A and PT-B periods in the central Figure 14 . (opposite) (a) Ozone mixing ratios on the northern and southern sides of ITCZ from MOZART (narrow shaded boxes). The PT-A measurements (clear boxes) are as tabulated by Gregory et al. [1999] . For MOZART results the central box represents the middle 50% of the data points, while the lines extending from the box represent the upper and lower quartiles. The PT-A measurement box shows the median and the upper and lower quartiles. The shaded circle on either side of the MOZART box represents the outliers, and the median is the thick line inside the box. (b) CO mixing ratios on the northern and southern sides of ITCZ from MOZART (narrow shaded boxes). The PT-A measurements (clear boxes) are as tabulated by Gregory et al. [1999] . Descriptions of the boxes are as for (a). (c) Ratio of propane/ethane mixing ratios (pptv/ pptv) on the northern and southern sides of ITCZ from MOZART (narrow shaded boxes). The PT-A measurements (clear boxes) are as tabulated by Gregory et al. [1999] . Descriptions of the boxes are as for (a). (d) Ratio of ethane/CO mixing ratios (pptv/ppbv) on the northern and southern sides of ITCZ from MOZART (narrow shaded boxes). The PT-A measurements (clear boxes) are as tabulated by Gregory et al. [1999] . Descriptions of the boxes are as for (a).
Pacific were negative, implying subsidence of ozone in this region. However, the strength of this subsidence in the model was much smaller during the PT-B period than in the PT-A period and was smaller by a factor of 3.5 for the LT box in PT-B compared with PT-A. The subgrid convective flux during PT-B was entirely a result of deep convection taking air from the LT box to the UT box. The same analysis for the PT-A period verified an even distribution of convective exchange between the LT and the MT boxes and the LT and UT boxes.
[52] Flux analysis demonstrated that there was an increased ozone burden and stronger convective transport from the surface to mid and upper troposphere in the tropical southern Pacific during the biomass-burning season in the Southern Hemisphere (PT-A). In addition, most of the ozone transported in to this region came from zonal transport during PT-A compared with meridional pathway during the PT-B. Over this tropical southern Pacific region, the inter-hemispheric transport during PT-B brings Northern Hemispheric ozone into the Southern Hemisphere much more effectively than during the PT-A time period. The O x production and loss tendencies from the 3-D model were compared with those from a box photochemical model constrained with the PT-A and PT-B measurements. Overall, the 3-D GCTM obtained the same tendency (i.e., production or loss) as the box model results for most of the altitude and latitude bins. However, the model was much less likely to produce ozone in the upper troposphere (8 -12 km) than that could be derived from the data. This pattern partially resulted from low NO x in the model compared with measurements for the PT-B period in these altitudes. This observation was also reflected in the higher-than-measured net destruction rates of O x in the middle and lower troposphere.
[53] Finally, the model qualitatively represents variations of selected trace gases across the ITCZ, although quantitative features of this variability are reproduced much less successfully. The largest discrepancy was calculated for the ratio of C 2 H 6 /CO, largely resulting from a particularly low mixing ratio of ethane measured on the northern side of the ITCZ compared with its southern side. The model SPCZ is relatively weak compared to that was observed, and as a result we do not attempt to evaluate this barrier in the current model.
[54] In conclusion, the model was able to capture the main aspects of the seasonal variability of ozone in this region, which was shown to be a result of much larger transport of ozone into this region from east-west zonal transport during the austral spring compared to fall. The inter-hemispheric transport from the north to the south was smaller during the austral spring compared to fall and hence not the cause of the increase in ozone burden in this region during the austral spring compared to the fall season. Model sensitivity tests reveal that the biomass-burning emissions in the model may be underestimated. Future versions of the model will address these issues in detail.
